Abstract
Introduction
DAPIT is a 58 amino acid peptide, which was previously discovered in insulin-sensitive tissues of rats that were rendered diabetic by streptozotocin. 1 Afterwards, it was shown that it is a component of mitochondrial ATP synthase 2, 3 (also called F-ATPase) and regulates ATP synthase population in mitochondria. 4 DAPIT is the protein product of Usmg5 (also called Dapit) gene that is conserved from insects to vertebrates. It contains a single presumed α-helix spanning from amino acid 23 to 45. The predicted length of the α-helix varies marginally (1-3 amino acids), depending on the software used. In addition, DAPIT has a poor but recognizable similarity with a putative yeast ortholog. 3 This similarity over the species depicts the conceivable importance and conserved function of DAPIT. The chromosomal location of Usmg5 gene is 1q54 in rat, 19D1 in mouse and 10q24 in man.
Since proteomics approach has identified DAPIT as a subunit of F-ATPase, 2, 3 we wanted to confirm this result on cellular level in human and rodent cells. F-ATPase and vacuolar-ATPase (V-ATPase) are related to each other structurally and mechanistically wise; 5, 6 therefore, we also studied the DAPIT involvement with V-ATPase by immunofluorescence. We previously investigated the mRNA expression of DAPIT in insulin-sensitive tissues of normal and streptozotocin diabetic rats; 1 in the present study we investigated the DAPIT protein expression in this type 1 diabetic model and show its histological expression in several normal rat and human tissues. Based on the results of all these studies, we confirm the mitochondrial location of DAPIT and show its new localization in lysosomes containing VATPase. In addition, we describe DAPIT expression in the insulin-sensitive tissues of diabetic rat and mouse, and its histological expression in several rat and human tissues.
Materials and Methods

DAPIT antibody
For the detection of DAPIT, polyclonal IgG antibodies αD15N and αD15C against the amino-and carboxyterminal peptides (MAG-PESDGQFQFTGI and YFKLRPKKTPAVKAT, respectively) of rat DAPIT were raised in rabbits (Davids Biotechnologie, Regensburg, Germany). The animals were immunized once intra-dermally followed by four intra-muscular immunizations. The sera were collected for the affinity purification of IgG. The concentrations of affinity purified IgG fractions were determined by ELISA being 0.38 mg/mL for αD15N and 0.16 mg/mL for αD15C. All the experiments utilizing these antibodies were repeated three times, except the Western blot of rat and mouse tissues. This was repeated twice with two pairs of control and diabetic rats and 2-3 times with mouse samples.
Animals and human samples
The control and streptozotocin diabetic rats were described previously. 1 Diabetes was confirmed by serum glucose that was >600 mg/dL 7 days after the injection of streptozotocin (STZ). The control and STZ-mice were reported in detail elsewhere. 7 Human tissue samples were collected during resection of carcinomas. Healthy appearing pieces of the liver adenocarcinoma sample of a 48-year-old female and kidney clear cell carcinoma of a 68-year-old male were used for immunonohistochemistry.
Cell lines and cell culture
Human embryonic kidney-derived HEK 293T cells were a kind gift from the laboratory of Howard T. Jacobs, Institute of Biomedical Technology, Tampere, Finland. The cells were cultured in Dulbecco's modified Eagle medium (Sigma-Aldrich, Ayshire, UK, or Gibco brl, Paisley, Scotland, UK), containing 4.5 g/L of Dglucose, 10% foetal calf serum (Sigma), 50 μg/mL uridine, 1 mM sodium pyruvate, 2 mM L-glutamine, and 100 U penicillin and 100 μg/mL of streptomycin (Gibco) at 37°C in an incubator with 5% CO 2 in air. Mouse myoblasts (C2C12) were a kind gift from Antero Salminen, University of Kuopio, Finland. These cells were maintained in Dulbecco's modified Eagle's medium (DMEM/F12, Gibco) containing 4.5 g/L D-glucose, 10% foetal calf serum, 0.075% sodium bicarbonate (Gibco), and 100 U penicillin and 100 μg/mL streptomycin. Cells were passaged routinely every 3-4 days at 1:10 and 1:4 dilution. HEK 293T cells were detached by pipetting and C2C12 by treat- All cells were seeded on cover slips or in culture slides (BD Biosciences, Erembodegem, Belgium) one to three day prior to use. The glassware was coated with 20% poly-L-lysine (Sigma) when needed.
Fluorescence microscopy
For the staining of mitochondria and lysosomes, the cells were washed with PBS and incubated in a medium containing 100 nM Mitotracker Red or Lysotracker Red (Invitrogen Molecular Probes, Leiden, The Nederlands) for 10-30 min at 37°C. After washing, normal medium was added to the Mitotracker stained cells and incubated for further 30-60 min at 37°C. For transient translation of amino-and carboxyterminal fusion proteins of DAPIT and GFP in HEK 293T cells, DAPIT was cloned into pEGFP-N3 and pEGFP-C1 vectors (Clontech Laboratories, Palo Alto, CA, USA). In immunofluorescence, the Tris Buffered Saline-Tween (TBS-T) (10 mM Tris, 0.9% NaCl, pH 8.0, 0.1% Tween 20, Sigma) was used. The cells were fixed at room temperature with 4% paraformaldehyde (Sigma) for 15 min, permeabilized with 0.5% Triton X-100 (Sigma) for 10 min and blocked with 5% w/v non-fat milk powder and 2% BSA (Sigma) for 30 min. The cells were single-or double-stained with the rabbit polyclonal antibody against DAPIT (reported above, αD15N 1:800, αD15C 1:320 and antibodies preincubated overnight at 4°C with 4x excess of peptide of issue) and goat polyclonal antibody against V-ATPase subunit H (SC-21228, Santa Cruz, CA, USA, 1:800) for 2 h. After intensive washing with TBS-T the primary antibodies were detected by donkey anti- were mounted on slides using Vectashield mounting medium (Vector Laboratories, Burlingame, CA, USA). All samples were examined at 100x magnification by confocal microscopy, using a Perkin Elmer-Cetus/Wallac UltraView LCI system (Wellesly, MA, USA) equipped with appropriate excitation and emission filters and an Andor iXon DV885 EMCCD camera and the Andor iQ software (Andor, Belfast, UK), or a traditional fluorescence microscope, ColorView III camera and the Cell imaging software (Olympus BX60, Olympus Corp., Tokyo, Japan). Images were further processed using Corel Photo-Paint 11 (Corel Corp., Ottawa, ON, Canada).
Ten micrometer thick cryosections from mouse gastrocnemius muscle were fixed with 4% PFA for 15 min, permeabilized with 0.5% Triton-X100 for 10 min and blocked with 3% BSA for 1 h. Sections were double-stained with a mouse monoclonal antibody agaist fast myosin type II a developed by Dr. H.M Blau 8 (SC-71, Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, USA, 1:50) to detect most oxidative fibers and C-terminal rabbit polyclonal DAPIT antibody (see above) for 1 h at room temperature. After intensive washing with PBS the primary antibodies were detected by a mixture of goat anti-mouse antibody conjugated with Alexafluor 488 (Invitrogen, 1:400) and the plolyclonal antibody with goat anti-rabbit antibody conjugated with Alexafluor 546 (Invitrogen, 1:400) for 1 h. After washing with PBS the sections were mounted with Mowiol (Sigma) including 2.5% DABCO (Sigma). The samples were viewed with Olympus BX 51 epifluorescence microscope. Images were captured by ColorView III camera and Analysis Five software (Olympus Corp.).
Immunohistochemistry
Sections of paraffin-embedded tissues from the rat myocardium, skeletal muscle, adipose tissue, liver, kidney, brain and small bowel, and human liver and kidney were used for immunohistochemical staining applying the standard immunoperoxidase method. Briefly, 4 μm thick paraffin sections were cut and deparafinized. The antigen retrieval of the sections was performed by boiling in a microwave oven for 15 min in 0.01 M citrate buffer (pH 6.0) followed by cooling to room temperature. After washing in PBS, non-specific binding sites were blocked by incubating the sections in normal goat serum for 1 h. Subsequently, the sections were incubated overnight at 4°C with αD15C antibody (dilution 1:150-1:200) followed by an incubation in the secondary antibody (biotinylated anti-rabbit IgG, Vector Laboratories, 1:100) for 30 min. Endogenic peroxidase activity was removed using 0.3% H 2 O 2 for 30 min. ABC-reaction was done with the Vectabond TM reagent (Vector Laboratories) for 30 min at room temperature. Antigen-antibody complexes were visualized using diaminobenzidine (DAB DacoCytomation Inc., Carpinteria, CA, USA) as the chromogen. Finally, the sections were counterstained with Mayer's hematoxylin (Merck KGaA, Darmstadt, Germany), washed with tap water, dehydrated and mounted with Pertex mounting medium. Sections incubated with the peptide-blocked antibody or without the primary antibody served as negative controls.
Western blot analysis
The expression level of DAPIT was studied by Western blot in HEK 293T and HUVEC cells, in healthy and diabetic rat myocardium and m. gastrocnemius, epididymal adipose tissue and liver, and also in mouse calf muscle complex (gastrocnemius, soleus, plantaris). The tissue samples were incubated or homogenized in 0.5 ml of buffer containing (1% Triton X100 in standard PBS, protease inhibitor mixture (Roche Applied Science, Rotkreuz, Switzerland) and 3 mM phenylmethylsulfonyl fluoride (PSMF) (Calbiochem/Merck) followed by an incubation on ice for 30 min and centrifugation at 12,000 g for 1 min. The cells from confluent 100x20mm cell culture dishes were treated in a similar way without homogenization.
The protein concentration was determined by Bradford method. Twenty μg (rat and cellular) and 30 μg (mouse) of protein, was heated at 95 °C for 5 min in SDS-PAGE sample buffer 9 prior to loading on the gel, run on 12% acrylamide SDS-PAGE according to standard protocol 10 ray film (Fujifilm Corp., Tokyo, Japan) using 3-20 min exposure times.
Ethical permissions
Animal experiments were approved by the Animal Experimentation Committee of the University of Tampere and Jyväskylä. The Ethical Committee of Tampere University Hospital approved the use of human tissues.
Results
Specificity of αD15N and αD15C antibodies
We used a custom made αD15N and αD15C polyclonal antibody against amino-and carboxyterminus of DAPIT, a small, phylogenetically conserved protein. In transient transfection studies in HEK 293T cells, αD15C colocalized with DAPIT fused to the C-terminus of GFP and, respectively, αD15N recognized DAPIT fused to the N-terminus of GFP (results not shown).
We further studied the specificity of αD15C antibody by immunofluorescence microscopy in human HUVEC endothelial and HEK 293T kidney cells, and mouse C2C12 myocytes. Incubation of the cell samples with the antigen-blocked antibody abolished all DAPIT staining as shown in left upper panel in Figure  1 . The cross-over reactions between anti-rabbit and anti-goat IgG secondary antibodies with the non-corresponding primary antibody were negative. The approximately 6.7 kDa band corresponding to the calculated molecular weight of DAPIT (6.407 kD) disappeared also in SDS-PAGE upon peptide blocking of the antibody (Figure 2A ). The αD15N antibody was specific in HUVEC-cells by immunofluorescence ( Figure 3, middle panel) . The specificity of the C-terminal antibody was also studied by Western blot in rat cardiac and skeletal muscle ( Figure 2B ). The antibody recognized DAPIT in both muscle types. In skeletal muscle also a protein of ca 50 kDa was seen. All bands disappeared upon peptide blocking of the antibody. In mouse this size of protein was not detected.
Also DAPIT staining in histological samples was negative after the omission of secondary antibody and peptide-blocking of the αD15C confirming further the specificity of the αD15C antibody (Figure 4 ).
Cellular localization of DAPIT
We confirmed DAPIT localization to mitochondria by immunofluorescence in human and rodent cell lines. DAPIT colocalized with Mitotracker (i.e. mitochondria) in HUVEC, HEK 293T and C2C12 cells (Figure 1 ). Due to the reported similarity of the structure of FATPase and V-ATPase, we studied DAPIT localization in vacuoles like lysosomes, which are known to contain a lot of hydrogen pumps. Our amino-and carbocyterminal antibodies against DAPIT colocalized with Lysotracker ( Figure 3 
Tissue expression of DAPIT
The expression of DAPIT was investigated in several healthy rat and human tissues by immunohistochemistry (Figure 4) . The antibody against carboxyterminal end of the protein was used. The expression of DAPIT varied in intensity within a tissue and from one tissue to another, showing mainly cytoplasmic staining and also occasional staining in some nuclei. The expression in cytoplasm varied exhibiting both smeary and finely granular Original Paper In general, the strongest DAPIT expression was observed in insulin-sensitive and epithelial cells as well as in neurons. Cardiocytes and myofibers showed strong expression of DAPIT complying the sarcomeric structure ( Figure  4A-C) . Skeletal muscle cells showed considerable differences in their staining intensities. Double staining with type IIa-specific myosin antibody demonstrated that DAPIT was more abundant in highly oxidative (type IIa) than in less oxidative or glycolytic muscle fibers and located preferentially under the sarcolemma ( Figure 2C ). Adipocytes of white and brown adipose tissue ( Figure 4D,E) showed distinct cytoplasmic staining that was considerably stronger in brown fat. In hepatocytes, granular cytoplasmic staining was observed ( Figure  4F,G) . This staining and granularity tended to be more intensive in the cells surrounding blood vessels and bile ducts. Epithelial cells of rat small intestine were stained from the base of the crypt to the villus tips showing also some nuclear staining ( Figure 4H,I ). The epithelial cells of proximal tubuli in kidney were intensively stained ( Figure 4J,K) showing, however, considerable difference in staining intensity from cell to cell. Purkinje cells of cerebellum and pyramidal cells of hippocampus were strongly stained in rat brain ( Figure 4L ). The stainings with the antibody against aminoterminal end of DAPIT were similar to those of the carboxyterminal antibody (results not shown).
Previously, we showed that DAPIT mRNA is down-regulated in the rat skeletal muscle and myocardium in streptozotocin-induced diabetes. 1 Here we studied first qualitatively the level of protein expression of DAPIT in insulinsensitive tissues of two pairs of control and diabetic rats. We found that DAPIT was up-regulated in the diabetic myocardium, m. gastrocnemius and epididymal adipose tissue but down-regulated in the liver in the early stage of diabetes in rat ( Figure 2B ). We also found up-regulated DAPIT expression in diabetic m. soleus and down-regulation in m. plantaris (results not shown). Western blot showed also two tissue spesific bands of ∼50 kDa in skeletal muscle but not in the other tissues.
In contrast to rats, no changes in quantified expression of DAPIT was seen in comparing healthy and diabetic calf muscle complexes (gastrocnemius, soleus, plantaris) of mice with diabetes for 1-5 weeks ( Figure 2C) . Notably, however, DAPIT correlated well with the mitochondrial proteins cytochrome c (r=0.450, P=0.014) and ATP synthase subunit alpha (r=0.689, P≤0.001) in mouse skeletal muscle.
Discussion
DAPIT is 58 amino acid peptide with single transmembrane helical span that in mRNA level is down-regulated in insulin-sensitive tissues in streptozotocin-indused diabetes. 1 In this study we show by peptide-blocking that our custom made antibody against aminoterminal end of DAPIT recognizes the vacuolar structures in immunofluorescence in HUVEC. The carboxyterminal antibody against DAPIT is specific in Western blot, immunofluorescence and immunohistochemistry. It recognizes the right size of the protein, the reported mitochondrial location of the protein, and also previously unreported vacuolar structures. However, in skeletal muscle of rat but not mouse, the carboxyterminal DAPIT antibody detected also a ∼50 kDa protein. At the moment, protein databases do not recognize any proteins of greater size than DAPIT with the antigenic sequence used to raise the specific antibody. It remains to be shown if a still unknown longer isoform of DAPIT or an unknown skeletal muscle-specific protein exists. Therefore, it cannot be ruled out that the antibody detects also another protein in skeletal muscle in immunohistochemistry.
Previously, DAPIT was shown to associate with the ATP synthase from bovine heart mitochondria 2,3 and suggested to contribute to the formation of this enzyme. 2 In the present study we confirmed the mitochondrial location of DAPIT in three different cell lines by immunofluorescence microscopy using the specific polyclonal antibody that was raised against the carboxy terminus of DAPIT. Significant correlations of DAPIT with cytochrome c and ATP synthase subunit alpha further supported the observed close association of DAPIT with mitochondria.
In addition, we could detect DAPIT also in other structures than mitochondria that prompted us to study its possible colocalization with other organelles. DAPIT colocalized abundantly with acidic organelles labelled by Lysotracker and antibody against V-ATPase in HUVEC and HEK 293T cells. Vacuolar ATPases are structurally and mechanistically related to mitochondrial F-ATPase. 5, 6 Both F-ATPase and V-ATPase consist of a membrane domain V 0 and a catalytic domain V 1 , and operate via rotary mechanism. 11 V-ATPases are ATP-driven proton pumps that acidify intracellular compartments and transport protons across the plasma membrane. V-ATPases have been identified e.g. in lysosomes, secretory vesicles and plasma membrane, and they are involved in Original Paper various disease processes. 12 We ascertained by microscopy that DAPIT localizes to lysosomes, which are acidified by V-ATPase.
Our finding promotes the idea that DAPIT could be a component of V-ATPase complex. Since DAPIT has a predicted transmembrane helical span it presumably participates in the formation of the V 0 subunit of the proton pump. Our N-terminal antibody against DAPIT recognized vacuolar protein in HUVEC cells whereas the carboxyterminal both in HUVEC and HEK 293T cells. This suggests that different cell types may have variation in the structure of V-ATPase. Whether DAPIT is a mere structural component or it has a regulatory function in V-ATPases remains to be shown.
DAPIT amino acid sequence is conserved from the yeast to mammalia 1, 3 implying its fundamental significance for organisms. In histological studies, we showed the DAPIT expression in several healthy rat and human tissues. In all studied tissues DAPIT showed smeary and granular-type expression, which was most intensive in tissues known to contain copious mitochondria, such as cardiac and skeletal muscle cells and hepatocytes, and epithelial cells related to active transport of nutrients and ions.
The expression of DAPIT requires further studies in insulin-sensitive tissues of diabetic rat and mouse. Previously we showed that DAPIT mRNA was down-regulated in the myocardium and skeletal muscle in early type 1 diabetes. 1 However, the protein level was regulated differentially. DAPIT was up-regulated in insulin-sensitive rat tissues, except in liver. However, no change in DAPIT protein expression was seen in mouse calf muscle complex after 1-5 weeks of streptozotocin-induced diabetes. This seemingly contradicting data may be due to sample heterogeneity since these muscles have different compositions highly oxidative type I and type II fibers containing plenty of mitochondria and glycolytic type IIb fibers that contain only a low amount of mitochondria. Differential expression of mRNA and protein in rat suggests that DAPIT is post-transcriptionally regulated. Since DAPIT is a component of mitochondrial oxidative machinery, one might expect to observe down-regulation of DAPIT in diabetes that is accompanied with impaired mitochondrial function and number in myocardium and skeletal muscles. 13 The significancance of the differential DAPIT expression in diabetic tissues and how DAPIT may be implicated in the etiology of diabetes remains to be shown.
In the present study, we characterized custom-made antibodies against DAPIT. In addition to DAPIT protein, the antibody specific for the carboxyterminus of DAPIT recognizes also a larger, unrecognized protein in rat skeletal muscle. Furthermore, we confirmed the presence of DAPIT in mitochondria and showed that it is also located in lysosomes and in other acidic vacuoles. We propose that in addition to being a component of mitochondrial ATP synthase DAPIT is also a subunit of V-ATPase. The significance and possible functions of DAPIT remain to be elucidated.
